The concept of chemical carcinogenesis was first conceived after several scientists observed cancer they believed was related to occupation. The first such observation was the experience of the chimney sweeps in England described by Pott in 1775 (1) . Eventually, these observations led to the conclusion that carcinogens, which can produce malignant tumors in humans, can be found in the external environment. Numerous experiments have substantiated this conclusion. After experimental skin cancer was produced by exposure to coal tar in the second decade of our century (2), Cook et a1. (3) in the 1930's isolated chemically pure carcinogens of the PAH class of compounds. Presently, they are undoubtedly the most widespread carcinogens in the human environment and represent a number of pollutants. Therefore, I shall review studies on PAH and discuss primarily my work and that of my coworkers.
Investigations of chemical carcinogens became possible through the application of spectrofluorescent methods to detect and determine PAH quantitatively in different parts of the environment. These methods depend on the appearance of quasi-linear spectra at low temperatures (77° Kelvin) in the frozen n-paraffin solution of PAH (4) .
BP AS AN INDICATOR OF PAH
The evaluation of all members of the PAH family is' practically impossible; therefore, BP was chosen as an indicator of the whole group. This compound is the most carcinogenic of all the PAH spread ubiquitously in the environment. Hundreds of samples of soil, sediments in water, or air pollutants collected in different regions of the U.S.S.R. all contained BP (5) . When the levels of BP were high, so were those of other PAH (6) .
BP was detected in large quantities in the exhaust of cars, planes, and motorboats (7) . Benzene extracts of these vapors and soots induced skin papillomas and carcinomas in mice in the same proportion as did those of pure BP in adequate concentrations (5, 7, 8) . When the skin of the mice was treated with different concentrations of BP, different incidences of skin tumors were observed (9, 10) .
Finally, the study of automobile exhaust (11) showed that a relationship (a peculiar ratio) exists between BP and a number of other P AH (table 1) . On the basis of this relationship, the expected levels of some P AH could be calculated with sufficient reliability. The levels of PAH in the exhaust of different types of cars are approximately similar.
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The aforementioned findings proved that BP can be an indicator of all PAH. At the International Conference on Air Pollution and Cancer held in Stockholm In 1977 (12) , the following statement was made:
It is generally assumed that the major carcinogenic potential of combustion products is contained in POM. Normally, if the total POM concentration is high then so is that of benzo(a )pyrene (BaP). To this extent BaP can be regarded as a representative indicator of the class. It may not necessarily be a good indicator of the overall POM carcinogenicity of urban air pollution as it has been shown that carcinogenic compounds in POM from different sources do not retain a constant relationship to each other or to BaP. For some specific sources, however, BaP may be regarded as a useful indicator of carcinogenicity. In most of our numerous investigations, we estimated the level of BP and used it as an indicator of all PAH, which are undoubtedly carcinogenic for humans (5, 6) .
SOURCES OF ATMOSPHERIC POLLUTION BY PAH
Heating systems have long been known to be a source of P AH emission into the environment (13) . The quantity of BP formed depends not so much on the type of fuel but on the nature of its combustion. Improvement in combustion methods, replacement of solid fuel by liquid and liquid fuel by gas, centralization of boiler installations and other measures, as well ABBREVIATIONS USED: BP = benzol a ]pyrene; MAC = maximal allowable concentration(s); PAH = polycyclic aromatic hydrocarbon(s); POM = polycyclic organic matter. as proper city planning to assure ventilation of streets all lead to decreases in BP contamination of the atmosphere.
For certain regions, industrial wastes are of greater significance in atmospheric pollution. Industrial installations, such as cooking or chemical plants and oil refineries, are capable of polluting the environment to a great extent with P AH. Improvements in construction and technology demonstrated by the introduction of closed systems and lack of effluent can be effective deterrents against atmospheric pollution. For example, Lawther and Waller (14) reported that through redesign and reconstruction of heating systems and certain factories, air pollution in London decreased and, concurrently, the quantity of BP decreased tenfold in 25 years. These data are similar to those we compiled after reconstruction of a coking plant in Makeevka, U.S.S.R.
(13).
The primary source of atmospheric pollution comes from the exhaust of internal combustion engines (15) . The tremendous increase in the number of cars, airplanes, and motor vehicles not only increases the quantity of P AH expelled into the environment but also aids in their diffusion. Many studies have shown that the level of BP and other PAH depends on the type of fuel used and on the conditions under which cars are being driven. A resident of a large modern city can inhale daily about 0.6 /-Lg BP from car exhaust; approximately the same quantity is contained in the smoke of 50 cigarettes. Besides other technical measures, the quantity of PAH emitted by the automobiles can be decreased through correct and regular maintenance and by the use of proper ignition systems, neutralizers, and additives to the fuel to ensure smokeless combustion. The greatest quantity of BP is expelled during the stopping and starting of engines, JNCI, VOL. 64, NO.3. MARCH 1980 e.g., at intersections or traffic lights. Thus rational environmental planning of towns should provide thoroughfares for cars and separate walkways for pedestrians.
In 1969, aviation was also shown to be a potent source of PAH (16) . An airplane engine emits 2-4 mg BP/minute when cruising and up to 40 mg/minute during takeoff. Extracts of soot from airplane engines will produce cancer in practically 100% of the mice treated with such products. The landing field and the soil, vegetation, and snow (in winter) surrounding an airport are polluted with considerable quantities of BP that decrease as one proceeds away from the runway (5). These observations have been confirmed with data obtained at airfields of other towns, particularly in RIga, Latvia, where the airport is located within the city limits. In the residential area of Riga adjacent to the airfield, the BP content of snow samples was eight times higher than that at the control site (17) . In Iceland, the soil of the landing field had up to 351 /-Lg PAH/kg, with 2-3 /-Lg/kg at the control site (18) .
What is the total quantity of BP emitted into the environment as a result of human activity? Annual estimates approximate 5,000 tons worldwide (19) and 1,300 tons in the United States (20) . Therefore, each inhabitant could be exposed to 6 mg BP, i.e., the quantity capable of producing papillomas in 60,000 mice. One must bear in mind that far less than this amount reaches the human body because a considerable portion of BP is destroyed in the environment. However, the above-mentioned amount of BP and that of several other chemical carcinogens that pollute the human environment are still frightening.
Part of the PAH present as environmental pollutants is degraded by UV rays and ozone, but the greater part settles on the ground.
POLLUTION OF SOIL, PLANTS, AND CROPS
Soil pollution with PAH may occur from the atmosphere and industrial activity. PAH can penetrate the deep layers of the soil (down to the subsoil waters) ana thereby affect plants, including vegetables and grains that serve as food. Transition of BP from the soil to plants was demonstrated in our laboratory (5) with flowers (asters and nasturtiums) and potatoes grown in soil highly polluted with BP (5, 21) . The quantity of BP in potatoes depends on the total pollution of the environment with PAH and is higher in highly industrialized areas than in purely agricultural regions (21) . However, seeds of cereals and cotton do not accumulate BP, even after nerosines (shale products) have been added to the soil, but sunflower seeds can accumulate it (5) . Considerable pollution of the soil by PAH makes their permeation of plants possible (22) . In the soil, PAH can both accumulate and degrade under the influence of soil bacteria.
In 1959 BP was detected for the first time in the soil of a large city (13) . Such data were confirmed in the United States (23), France (24), the Federal Republic of Germany (25) , and Czechoslovakia (26) . The BP content of soil can differ widely: It is exceedingly high in the area of oil refineries and coking or chemical plants (5, 9, 10) , higher in industrial than in agricultural regions, and two to three times higher in the soil of older sections of large cities than in newly developed areas. A definite link is noted between pollution by BP of the soil and the atmosphere (5, 9, 10).
POLLUTION OF WATER AND FISH
Bodies of water are polluted by PAH as a result of the influx of sewage from cities and factories, the exhaust from motor vehicles, and sometimes from oi·l spills from tankers (27) . Not only can PAH accumulate in plant life and in such organisms as mollusks and fish (28), but they can be degraded under the influence of UV rays (29) along the surface of the water (in summer) and as a result of activity of microorganisms, e.g., in sewage (30) .
In our laboratory, many investigations have been devoted to the determination of the level and fate of carcinogenic PAH in reservoirs. For instance, the effect of small motorboats on the pollution of waterways has been established (31) . A boat motor emits about 500-600 p,g BP/hour during operation (32) . BP content in the waterways of industrial areas is greater than that in the agricultural ones (27) . In samples of the water and fauna of a river downstream from a large city, the content is tenfold higher than in those taken above the town (5) .
If one assumes the concentration of BP in a body of water is 1, then its content in the sand on the bottom will be 10 2 _10 4 times higher, in the bottom sediment of polluted bodies of water it will be 10 2 _10 5 times higher, and in the plant life it will be 10 3 _10 4 times higher than that in the water. Various species of plant life collected in the same waterway of an industrial area contain practically the same quantity of BP (33). Mollusks that act as filtrators (e.g., Unio pictorum) in a PAH-polluted body of water contain a considerable quantity of BP, as was reported previously for barnacles and oysters (34, 35) .
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Fish muscle from both fresh water and bays of the Estonian Soviet Socialist Republic contains 1 p,g BP/kg (36, 37) . Smaller quantities of BP were found in trout and carp (37) . Of special interest are some of the results of our studies on fish caught in fresh water into which sewage flows (table 2) (33).
At low levels of pollution, the BP content in different species of fish varied little, but after the influx of sewage waters it rose markedly in the sterlet and Pelecus cultratus. These species contain a high amount of lipids, which are excellent solvents for PAH. Furthermore, the sterlet lives on the bottom, and P. cultratus feeds on plankton that accumulate P AH. Bogovskir et al. (37) also noted that fish such as salmon and eel, which have a high fat content, are richer in BP than is pike or perch, which are lean species.
For investigations of the pollution of U.S.S.R. seas with carcinogenic PAH (36, 38) , samples were examined from the Bering, Baltic, and Caspian Seas, and particularly the Tallinn and Baku Bays. The marine environment is evidently polluted everywhere by PAH and especially by BP. The most PAH-polluted areas are certain regions of the Baku and Tallinn Bays, where oil and shale industries are located (38) . Although the degree of pollution varies in different bodies of water and surrounding areas, the BP concentration on the surface and bottom layers provides an approximation of the total content of all P AH in the polluted medium.
The amount of pollution of the marine environment by carcinogenic PAH can be illustrated as follows: Such pollution is related to local sources (mainly the shore area) and the influx of sewage from factories, plants manufacturing petroleum products, oil refineries, and ubiquitous factors such as combustion djscharge from ship engines and atmospheric impurities (38) .
FURTHER DISCUSSION OF BP
I have mentioned the considerable pollution by BP of the atmosphere, soil, and waterways by a number of sources that emit carcinogenic substances into the environment. However, this chemical is always detected in waterways and in the soil of nonpolluted areas. Among many hundreds of soil samples taken from different areas of the U.S.S.R., my co-workers and I have not found a single one entirely free of BP. Although it is widespread, the quantity in samples taken far away from the cities, industrial areas, and highways is minimal: approximately 5 p,g BP/kg dry soil (5) .
This situation can be explained partly by the spread of BP from aviation exhaust (16) because air traffic is heavy in developed countries. However, other factors may also be involved.
To fight soil erosion, someone suggested that fields be treated with shale products (nerosines). Such compounds must necessarily contain PAH, specifically BP. In the weeks immediately following treatment of the soil (1.5-2.5 tons nerosines/lO,OOO m\ soil samples contained a considerable quantity of BP, i.e., 250 p,g/kg. However, in time the BP level in the soil gradually decreased and within a year reached the usual background level, i.e., about 5 p,g/kg, which is typical of the untreated soils (5).
The main reason for the gradual disappearance of this carcinogen from the soil is its destruction by soil bacteria (39) . We have succeeded in isolating from heavily BP-polluted soil around an oil refinery strains of bacteria which, both in cultures to which the P AH was added and in these soil samples, destroyed 60-80% of the BP within 6-8 days (39) . Bacterial degradation of BP was also observed in waterways (30) ; the rate of degradation lessened as its concentration decreased. Perhaps this reaction explains the natural background of BP at low levels.
That the ubiquitous presence of BP can also be explained by its natural origin has been debated since 1961 when Blumer (23) found large quantities of the compound in the soil of forests in the United States. Numerous papers have cited contradictory results. We studied the quantity of BP in the germinating seeds of different plants in hydroponic culture. Under normal conditions, the BP level did not increase but was enhanced when acetate or some other carbon source was added to the medium (40) . Mischenko (41) grew oats, wheat, and rye in a specially constructed, hermetically sealed chamber and showed the possibility of BP synthesis, most of which was in the green portion of the seedlings. Although the biosyntheses of this and lNCI, VOL. 64, NO. 3, MARCH 1980 other PAH seem certain, they occur only under special conditions.
Another probable source for the natural origin of BP and other PAH is the potent pyrogenic processes due to volcanic activity. This possibility was established (42) (43) (44) in 1975-77 as a result of special expeditions to the Kamchatka Peninsula, Sakhalin Island, and Kuril Islands (volcanoes such as Burliaschy, Tolbachik, and Tyatya). Samples of the volcanic ash brought from those regions and specimens of soil and plants taken from the volcanic areas contained BP; in some places the quantities exceeded the usual amount. Also, BP was found in the far northern part of the U.S.S.R. in the soil of areas permanently frozen, which was proof that it had existed there for many thousands of years. Thus the biosphere has maintained the original level of BP and other P AH for many millennia. This level in the soil does not exceed several micrograms per kilogram of dry soil substance.
The 
CONCLUSIONS
All the preceding observations indicate a unique distribution (5) of carcinogens in the human environment. They infiltrate the atmosphere from various sources, settle on the ground, pollute the soil and water, penetrate plants, and thereby become factors in animal fodder and human food. Besides these general trends, each aspect of the environment has its unique features of distribution and fate for the carcinogens. In some instances, these substances accumulate; in others, they are destroyed. The environment is polluted and purified simultaneously. The action of these opposing processes depends on the quantity of carcinogens that reaches the surrounding environment. Placing a limitation on their emission (and thereby decreasing contact with the population) is the real means to cancer prevention.
Both the accumulation and the breakdown of the carcinogenic substances can coexist in humans. Our experiments (49) showed the significance of the deposition of carcinogenic hydrocarbons for cancer induction in the lung. Alternatively, observations of the BP content in the lungs of city dwellers (13) have led to the belief that this carcinogen can be destroyed in the human body. Within 3 days after the addition of BP and other PAH into multilayer cultures of human and animal fibroblasts, human cells destroy 50% of the additive. Administration of a considerable quantity of BP with fodder to cows leads to its excretion in th~ milk, but after the animals are slaughtered none of the compound is in the muscles (50, 51) .
The possibility of cancer prevention is shown by the example of tumors induced by employees' exposure to chemical substances and radiation. However, tumor prevention is also possible for most of the other socalled spontaneous tumors of humans. This possibility becomes clear from analyses of modern data on cancer epidemiology.
We know that the highest incidence of lung cancer occurs in England. Among English migrants to Australia and South Africa, morbidity from lung cancer remains higher than that in the native population but lower than in England.
Although the incidence of gastric cancer in Japan is much higher than that in the United States, Japanese migrants to the United States develop this form of cancer more frequently than do native Americans but less so than in Japan. The study of cancer incidence rates in migrants during the past 10-15 years reveals a definite relationship between morbidity and environment and indicates the possibility of changes, especially in the decreased incidence of this disease (52) .
In carcinogenesis a direct dependence exists between effect and dose of the agent: The smaller the quantity and the shorter the duration of chemical carcinogen action on humans and other animals, the lower the number of tumors that supervene and the longer the latency period. The basis for limitation of carcinogens in the human environment is this dependence, which has been established by numerous experiments on laboratory animals and observations from human pathologic examinations.
. The first requirement of any program designed to lower the amount of carcinogens in the environment is to decrease permissible levels of emission by all the sources just discussed. Stipulation of MAC of exhaust is mandatory for each type of industry and transportation and heating systems. However, because the sources of exhaust and pollutants are extremely numerous, unified criteria are necessary to establish general environmental controls (in the form of MAC) of noxious agents, specifically of carcinogenic substances.
The establishment of MAC of chemical carcinogens requires numerous investigations. Among them are: 1) study of the presence and circulation of carcinogens in different areas of the environment and elucidation of the background and natural levels; 2) epidemiologic observations on human tumors and their differentiation, with specific comparisons made by areas and special components of the given populations; 3) experiments on animals to establish tolerable doses of the agent for the entire life-span of the animal (53, 54) . Adequate consideration is being given to 1) the concept that this carcinogen permeates plants, especially those used for food, and 2) its influence on soil microorganisms, and 3) its influence on biocenosis. Accepted MAC should protect the population from chemical carcinogens and at the same time alleviate pollution of the environment. Prevention of tumors also depends on comprehensive studies of the carcinogenic action of some chemicals and on information not only on the transmission of these compounds in the human environment but also on their metabolism within the body. Most chemical substances that provoke cancer are not really carcinogens, but "procarcinogens"; they are "activated" within the body, and true ultimate carcinogens are their metabolites. Thus the concept of chemical carcinogens has undergone a change: Today they possess not only etiologic but also pathogenetic, ecologic, and hygienic significance. Because the effect of chemical carcinogens depends on the dose, rational control of their level in the environment and in the body will lengthen the latency period of tumor development. Such measures may delay their appearance by 120-150 years, i.e., may remove cancer beyond the limits of the longest human life-span.
